About one-half of all human tumors contain mutations in p53 (20) , and tumor-derived p53 mutations interfere with p53 sequence-specific DNA binding. Consensus p53 binding sites comprise a 20-bp DNA sequence that is functionally organized as two consecutive 10-bp half-sites (13, 16, 25, 26) . The tetramerization domain organizes p53 as a dimer of dimers (2, 23, 29) , and the two dimers in a p53 tetramer bind cooperatively to adjacent DNA half-sites in a consensus binding site (35) .
Genotoxic stresses, including ionizing radiation, induce p53 binding to many consensus DNA sites and enhance transcription of p53 target genes (25, 54, 55) . The product of one such target gene, p21, induces cell cycle arrest and may prevent endoreduplication and rereplication (12, 52, 56) . However, p21
Ϫ/Ϫ cells fail to undergo DNA damage-induced G 1 arrest even though p21 Ϫ/Ϫ mice are not tumor prone, suggesting that p21-dependent processes, including G 1 arrest, do not mediate p53 tumor suppressor activity (3, 11) .
There are also many potential gene products that are transcriptionally activated by p53 and that are involved in apoptosis (55) . p53 can not only activate transcription of various apoptosis-promoting genes but also repress transcription and can promote apoptosis independently from transcriptional effects (4, 8, 10, 18, 27, 37) . The multifaceted nature of p53 activity is highlighted by the findings that tumor-derived mutant p53 proteins that are defective in inducing apoptosis not only fail to sequence-specifically bind DNA but also fail to bind ASPP1/2 (the full-length form of 53BP2) and bclxL (37, 47) . Moreover, an unusual p53 mutation that inhibits p53-dependent apoptosis but still does not lead to the early onset of spontaneous lymphomas observed in p53 null mice was recently found. This suggests that functions other than apoptosis must be able to contribute to p53 tumor suppressor activity (30) .
Despite uncertainty about what constitutes p53 apoptotic and tumor suppressor activity, another p53 target, the negative-feedback regulator mdm2 (or hdm2 in human cells) (24) , binds to the p53 protein and both inhibits p53 transactivation functions (38, 42) and facilitates p53 degradation (17, 28) . Thus, hdm2 attenuates p53 function by limiting the duration and extent of DNA damage-induced p53 protein accumulation. One approach to enhance p53 activity is to interfere with the p53-hdm2 interaction (6, 51) . Another conceptual approach is to inhibit p53 binding to and activating transcription from the hdm2 DNA binding site.
Molecules that modulate p53 binding to the hdm2 DNA binding site could alter the spectrum of p53 targets induced by DNA damage, change the duration of the p53 response, and alter the outcome of cellular responses to DNA damage. The sequence-specific DNA binding activity of p53 in vitro was reported to be affected by ADP (41) , and we noted that the metabolic energy cofactor NAD ϩ contains an ADP moiety ( Fig. 1 ). Since NAD ϩ is an enzymatic substrate of poly(ADPribose) polymerase (PARP), an enzyme that uses NAD ϩ to poly-ADP ribosylate substrates in response to DNA damage, including p53 (19) , and, for Sir2, an NAD ϩ -dependent histone deacetylase that can deacetylate p53 (33, 53) , it seemed reasonable to query whether NAD ϩ also affected p53 DNA binding activity.
MATERIALS AND METHODS
In vitro DNA binding. The wild-type human p53 protein was prepared as described previously (39) . DNA binding proceeded at 23°C in 10 l of buffer (1 l of p53, 1 ng of 32 P-DNA, 0.1 g of nonbinding competitor DNA, 0.2 g of sheared salmon sperm DNA, 3 mM dithiothreitol, 50 mM KCl, 100 mM HEPES [pH 7.5], 12% glycerol, 0.5 g of antibody, 5 mM nucleotide [determined by measuring A 260 ]). NADH was prepared weekly and stored at 4°C, and NAD ϩ was stored at Ϫ20°C. Complexes were resolved on native 0.5ϫ or 1ϫ Tris-borate-EDTA-polyacrylamide gels and then dried and exposed to film (Kodak) or a PhosphorImager screen (Molecular Dynamics) for quantification. NAD ؉ binding and protease sensitivity. RNA was translated in vitro (wheat germ extract; Promega). For NAD ϩ binding, products were diluted in phosphate-buffered saline (PBS), immunoprecipitated (mixture of DO1, 1801, and 1-393; Santa Cruz Biotechnology), and washed three times with PBS-5 M NAD ϩ . Immunoprecipitates were incubated for 10 min at 25°C in 10 l of a mixture of PBS and 10 Ci of 32 P-NAD ϩ (Amersham), washed five times with PBS, resuspended in PBS, spotted on 3mm paper (Whatman), and visualized by autoradiography. For protease assays, [ 35 S]methionine-labeled translation reaction mixtures were diluted (0.1 M Tris [pH 7.5], 0.1 M KCl, 0.1% NP-40, 10% glycerol), incubated with NAD ϩ or NADH (5 mM), and digested with trypsin (sequencing grade; Boehringer-Mannheim) at 37°C for 10 min. Products were denatured in protein sample buffer (5 min, 95°C), resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels, and visualized by autoradiography.
Nucleotide analysis. Niacinamide was added to MCF7 cells (600 mg/liter, 90 min). 2-Deoxyglucose (10 mM) was added for 10 min to limit reduction of NAD ϩ to NADH, and then cells were irradiated (6 Gy of ionizing radiation, ϳ1 Gy/ min). After 3 h, cells were washed and suspended in PBS. Protein was extracted in radioimmunoprecipitation assay (RIPA) buffer (see "Western blotting" section) from one aliquot, while nucleotides were acid extracted from another aliquot and analyzed by high-performance liquid chromatography (HPLC) essentially as described previously (36) . The HPLC column was an LC-18 (3 m, 7.5 cm by 4.6 mm; Supelco) and was preceded by a LC-18 guard column. Mobile phase A was 0.1 M potassium phosphate-8 mM tetrabutylammonium phosphate (pH 5.5); mobile phase B was 70% mobile phase A-30% methanol, and the gradient was from 10 to 100% mobile phase B. Retention times were 3.8 min for NAD ϩ and 8.7 min for NADP ϩ . Peak identities were confirmed by matching UV spectra from the diode array with authentic standards.
ChIP. Chromatin immunoprecipitation (ChIP) was essentially as described previously (49) . One percent formaldehyde in PBS was added for 10 min at 25°C to cross-link protein to DNA. Cells were lysed for 20 min in RIPA buffer (as described in the "Western blotting" section), passed five times through a 25-gauge needle, sonicated (Branson) to yield 0.5-to 1-kb DNA fragments, and centrifuged (15 min, 8,000 ϫ g), and then 1 mg of soluble protein (Bio-Rad; DC protein assay) was immunoprecipitated for 3 to 16 h (anti-p53 DO1, PAb1801, and 1-393 or anti-p21 or antibax [Santa Cruz Biotechnology]). Bound DNA from 1 to 10 g (protein) of cell extract was amplified (Ready-to-go beads [Pharmacia] and GeneAmp 9700 [Applied Biosystems]) in the linear range with 100 ng of primers (49) [FBS] ) and then irradiated (8 Gy of ionizing radiation, ϳ1 Gy/min). After 3 days fresh DMEM-10% FBS was added, and 2 days later cells were treated for 5 h with Colcemid (Gibco) and then harvested and prepared for mitotic spreads.
Apoptosis. Thymocytes were explanted from 5-to 6-week-old C57BL6 mice into RPMI 1640-10% FBS. p53
Ϫ/Ϫ mice (T. Jacks) were backcrossed onto a C57BL6 background. Samples from individual mice were divided into equal aliquots; aliquots were untreated or treated with niacinamide (0.6 g/liter) or thiamine (4 g/liter) with or without a subsequent ionizing radiation dose. For in vivo studies, 5-to 6-week-old C57BL6 mice were maintained and treated under approved institutional guidelines. Niacinamide was administered by intraperitoneal injection of 0.2 ml of a 0.1-g/ml solution 10 to 15 min before irradiation. A 137 Cs source was used to deliver 2 Gy at 0.5 Gy/min. After 18 h, thymocytes were collected by centrifugation, fixed in 70% ethanol, and incubated for 30 min with 10 g of RNase A/ml and propidium iodide. Dexamethasone was added to 1 M for 8 h. Cells were analyzed on a FACSCalibur (Becton Dickenson), and apoptotic cells were routinely scored as those with sub-G 1 DNA content. Similar data were obtained by DiOC 6 (3,3Ј-dihexyloxacarbocyanine iodide) fluorescence.
RESULTS

NAD
؉ binds p53 tetramers, induces conformational change, and inhibits DNA binding. Bacterially produced recombinant p53 binds DNA sequence specifically ( Fig. 2A) , and this binding was inhibited by ADP and NAD ϩ , but not by ATP or NADH (the reduced form of NAD ϩ ) (Fig. 2B ). Despite a submicromolar p53 concentration, DNA binding activity was affected only by a millimolar NAD ϩ concentration (Fig. 2C ). Since total free cellular NAD ϩ is ϳ0.4 to 0.5 mM (50) and NAD ϩ synthesis is nuclear (44), the local nuclear concentration could be in the millimolar range when there is a high rate of NAD ϩ synthesis. Thus, the concentrations of NAD ϩ that affect p53 DNA binding in vitro may be physiologically relevant. We note that, although NADP ϩ affected p53 DNA binding similarly to NAD ϩ , we focused on NAD ϩ because the cellular concentration of free NAD ϩ is much higher than that of NADP ϩ (50). The high concentration of NAD ϩ required to affect p53 DNA binding activity could reflect either an alteration of the p53 redox state or a low-affinity interaction between p53 and NAD ϩ . In vitro, p53 DNA binding requires reducing conditions (15) , but NAD ϩ modulation of the redox state of p53 was an unlikely cause of the binding inhibition since reducing equivalents of dithiothreitol were present in excess over NAD ϩ and further increasing the dithiothreitol concentration had no effect (data not shown). Additionally, redox-inactive ADP inhibited DNA binding (Fig. 2B) , and the effect of NAD ϩ was not counteracted by addition of NADH to the reaction (Fig. 2D ).
An alternative explanation for the inhibition of p53 DNA binding by NAD ϩ was suggested by the specific binding of radiolabeled NAD ϩ to p53 (Fig. 3A , right). NAD ϩ bound to the inherently tetrameric wild-type p53 protein but did not bind above background to the L344A mutant protein (referred to as L344A) (Fig. 3A , protein expression shown in left panel), which forms only dimers (57) . The interaction between p53 and NAD ϩ is specifically increased in the p53 immunoprecipitation compared to the negative controls. The relatively low degree of binding above nonspecific background further supports the low-affinity binding suggested by the high NAD ϩ concentration required to affect p53 DNA binding activity in vitro. The interaction between NAD ϩ and p53 does not occur via the isolated tetramerization domain, as assessed by nuclear magnetic resonance and Biacore analysis (C. Galea and R. Kriwacki, personal communication). NAD ϩ can also decrease the DNA binding activity of p53 that has PAb421 bound to an epitope at the carboxy-terminal end of the tetramerization domain, suggesting that p53 might bind NAD ϩ via an extended interface created between two dimers of a tetramer.
Moreover, NAD ϩ caused a conformational change in tetrameric p53. A high concentration of trypsin cleaved [
35 S]methionine-labeled wild-type p53 and L344A to a pair of bands that migrate at ϳ40 and 42 kDa on an SDS gel (Fig. 3B, 32 P-DNA sequences and electrophoresed under nondenaturing conditions. CON, p53 consensus binding site; NB, p53-nonbinding sequence containing mutations at four critical G/C contact residues; p21 and hdm2, 5Ј p21 and hdm2 human genomic binding sites, respectively. Amino-and carboxy-terminal-specific DO1 and PAb421 monoclonal antibodies were added to supershift the p53-DNA complex. (B) p53 was incubated with 32 L344A, at a lower concentration of trypsin (Fig. 3B , lanes 0.6ϫ tryp). The lower concentration of trypsin appears to produce a partially digested fragment that is completely digested at a higher trypsin concentration. That there is a difference between dimers and tetramers is not surprising, as tetramers differ not only in the tetramerization domain per se (34) but also in an extended protein-protein interaction domain that is created between the two dimers of a tetramer and that could confer differential protease sensitivity. NADH increased p53 tetramer, but not dimer, sensitivity to trypsin, suggesting that NADH might also affect p53 tetramer conformation in such a way as to prevent the ADP portion of NADH from affecting p53 DNA binding activity. The lack of effect of NAD ϩ and NADH on L344A dimer sensitivity to trypsin demonstrates both that dimer conformation and that trypsin activity were unaffected by NAD ϩ . We therefore compared the effect of NAD ϩ on the DNA binding activity of p53 tetramers versus dimers. L344A dimers bind DNA because they retain the wild-type conformation (35, 57) . L344A bound the hdm2 and p21 DNA sites as two species (Fig. 3C) . The lower complex represented a single dimer bound to one of the two half-sites in the full DNA site, and the higher complex represented a pair of dimers bound to the two adjacent DNA half-sites in a full DNA site (35) . Strikingly, NAD ϩ specifically decreased the binding of the pair of dimers, but not the single dimer, to the hdm2 DNA site (Fig. 3C, 2-2ϫ and 2ϫ, respectively). Interestingly, in these DNA binding conditions the effect of NAD ϩ on the hdm2 DNA site was more pronounced than its effect on the p21 DNA site (Fig.  3C ). This suggests that NAD ϩ does not inactivate p53, but rather alters the conformation of p53 in such a way as to differentially affect the affinity of p53 tetramers for different binding sites.
Small molecules related to ADP inhibit p53 DNA binding. How NAD ϩ affects p53 tetramers can be further delineated by examining the structural aspects of the NAD ϩ molecule. Nicotinamide mononucleotide (NMN) is NAD ϩ without the ADP moiety, and ADP-ribose (ADPR) is NAD ϩ without the niacinamide moiety. ADP, and to a lesser extent ADPR, but neither NMN nor niacinamide, inhibited p53 DNA binding (Fig. 4A) . However, the NMN portion of NAD ϩ is still important because, when it was reduced in NADH or when it was replaced in oxidized flavin adenine dinucleotide, p53 DNA binding was unaffected (Fig. 2, lanes NADH, and 4A, lane FAD) . Thus, the ADP moiety of NAD ϩ is crucial, while the nicotinamide portion affects whether the ADP portion of NAD ϩ can regulate p53 DNA binding activity.
Since ADP, but not ATP, affects p53 DNA binding (Fig. 2B) , the diphosphate must be important. ADP, but neither GDP, CDP, nor UDP, inhibited p53 DNA binding (Fig. 4B) . The feature unique to ADP is the primary amino group on the adenosine ring. We note that TDP (or thiamine pyrophosphate) has weak structural similarity to ADP in that it contains an aminosubstituted pyrimidine ring linked to a diphosphate (Fig. 1) . Like ADP, TDP inhibited p53 DNA binding in vitro (Fig. 4C) , with TDP inhibiting binding to a greater extent than NAD ϩ (Fig. 4D, time zero) . Although NAD ϩ preferentially inhibited p53 binding to the hdm2 DNA site, TDP inhibited p53 binding to both the hdm2 and p21 DNA sites (Fig. 4E) .
Niacinamide increases cellular NAD ؉ synthesis and regulates p53 DNA binding in vivo. It was important to determine whether the in vitro observations that NAD ϩ and TDP affected sequence-specific p53 DNA binding could be replicated in vivo. Although cellular conditions, such as hypoxia, significantly alter the NAD ϩ /NADH ratio, this ratio is preferentially influenced by changes in NADH rather than NAD ϩ , because the free NAD ϩ /NADH ratio is ϳ725 (58). We incubated MCF7 cells with a high level of the NAD ϩ biosynthetic precursor, niacinamide (vitamin B 3 ), which increased the rate of intracellular NAD ϩ synthesis, resulting in a 30 to 40% increase in total cellular NAD ϩ (Fig. 5A) (1, 36) . Although the majority of cellular NAD ϩ is mitochondrial or cytoplasmic, NAD ϩ synthesis is nuclear (44) . Thus, especially under nonequilibrium conditions of an increased rate of NAD ϩ synthesis induced by excess niacinamide, there would be a greater local increase in NAD ϩ in the nucleus, where p53 DNA binding activity could be affected.
The effects of elevated NAD ϩ synthesis on cellular p53 DNA binding were analyzed by ChIP of genomic DNA sites bound to endogenous p53 protein. Elevated NAD ϩ synthesis significantly reduced radiation-induced p53 binding to hdm2 and PIG3 DNA sites, but binding to p21, GADD45, PUMA, and bax sites was unaffected (Fig. 5B , lane NAmϩIR compared to IR). This result mirrors the observation that NAD ϩ preferentially impaired p53 binding to the hdm2, compared to the p21, DNA sites in vitro (Fig. 3C) .
Consistent with the promoter binding results, transcriptional induction of hdm2 and PIG3, but of neither p21, bax, nor PUMA, was inhibited by elevating intracellular NAD ϩ (Fig.  5C ). Correspondingly, increased NAD ϩ also reduced radiation induction of hdm2 protein after 3 h, thus slowing degradation of p53 protein and resulting in an increased p53 protein level (Fig. 5D ). In the absence of irradiation, niacinamide did not affect hdm2 (data not shown). By 5 h, hdm2 had been activated even in the condition of elevated NAD ϩ , resulting in p53 protein degradation, but with elevated p53 remaining compared to control (Fig. 5D ). These effects were not due to defective signaling to p53 or inhibition of translation, as neither p53 serine 15 phosphorylation nor p53 or p21 protein induction was inhibited by niacinamide (Fig. 5D) . Although niacinamide can also inhibit the p53 deacetylase Sir2␣ (33, 53), we found that lower levels of niacinamide, 2 versus 5 mM, could inhibit p53 deacetylation (Fig. 5E ) without significantly altering hdm2 induction (Fig. 5F ). Since a higher niacinamide level is required to inhibit hdm2, Sir2␣ inhibition does not appear to be sufficient to explain the effect of niacinamide on hdm2 induction (Fig. 5F ). In addition, although increased p53 acetylation should increase p53 DNA binding activity, niacinamide treatment actually decreased p53 binding to the hdm2 DNA site. This suggests that the negative effect of NAD ϩ on p53 activities more than compensates for the posi- tive effects of acetylation. Thus, the niacinamide-induced increased rate of NAD ϩ synthesis correlated with inhibition of p53 binding to and transcriptional activation of hdm2.
Thiamine inhibits p53 DNA binding in vivo. If the cellular effects of niacinamide were indeed due to a direct effect of increased NAD ϩ synthesis on p53 DNA binding activity, then our in vitro DNA binding data predict that TDP should also have a direct effect. TDP inhibition of cellular p53 DNA binding was explored by incubating cells with thiamine (vitamin B 1 ), which is rapidly converted to TDP (45) . Thiamine treatment inhibited radiation-induced p53 binding to all DNA sites, including hdm2 and p21 sites (Fig. 6A) . Similarly, thiamine treatment inhibited radiation-induced hdm2 protein induction (Fig. 6B) , allowing enhanced p53 accumulation from 3 to 5 h after irradiation (Fig. 6B) . TDP inhibition of both p21 and hdm2 induction (Fig. 6B ) again reflected the in vitro DNA binding results, where TDP inhibited p53 binding to both DNA sites (Fig. 4E) .
Furthermore, thiamine had effects virtually identical to those of niacinamide on inhibiting hdm2 and consequently increasing the kinetics of ionizing radiation-induced p53 accumulation (Fig. 6C) . In contrast to niacinamide, thiamine treatment did not affect p53 acetylation status (Fig. 6D) . These data are most consistent with niacinamide and thiamine elevating the intracellular synthesis of NAD ϩ and TDP, respectively, which in turn directly affects p53 DNA binding activity.
Niacinamide and thiamine affect p53 physiologic responses. Treating cells to increase NAD ϩ or TDP could alter p53-regulated physiologic outcomes following DNA damage. Exposure to ionizing irradiation increased the percentage of highly aneuploid MCF-7 cells to ϳ15% of metaphases (Fig. 7A) . Treatment to increase NAD ϩ or TDP augmented this to ϳ27% (Fig.  7A) . Rereplication occurs when individual DNA replication origins fire more than once without an intervening mitosis, resulting in aneuploid cells, and is a hallmark of solid tumors. Significantly, p53 prevents rereplication, although the relevant molecular targets of p53 have yet to be conclusively elucidated (52) . Thus, niacinamide and thiamine inhibited the ability of p53 to repress rereplication or to prevent such cells from progressing into mitosis.
Ionizing radiation also induces p53-dependent apoptosis in thymocytes (9, 32) . Niacinamide treatment elevated thymocyte NAD ϩ about twofold ex vivo (data not shown) and enhanced ionizing radiation-induced cell death by ϳ50% (Fig. 7B) . In contrast to niacinamide, thiamine treatment decreased cell death by ϳ50% (Fig. 7B) . Specificity for p53-induced apoptosis was demonstrated by the observation that neither treatment altered dexamethasone-induced apoptosis (Fig. 7B) , which is p53 independent (9, 32). p53 dependence was further demonstrated by the minimal effects of treatment to increase NAD ϩ on radiation-induced apoptosis in p53 Ϫ/Ϫ thymocytes (Fig. 7B) . We then examined apoptosis in vivo. Unfortunately, the maximal tolerated dose of thiamine in mice is much lower than the ex vivo dose used here, and the lower tolerated dose had no effect on thymocyte apoptosis in vivo (data not shown). However, mice and humans tolerate high niacinamide doses, and niacinamide treatment increased thymic NAD ϩ by ϳ40% (data not shown) and increased ionizing radiation-induced thymocyte apoptosis in wild-type, but not p53-null, mice (Fig. 7C) .
Thus, niacinamide or thiamine can increase cellular NAD ϩ or TDP and affect p53 DNA binding and p53-dependent functions in cells and in animals, including ionizing radiation-induced rereplication and apoptosis.
DISCUSSION
The experiments presented demonstrate that NAD ϩ and TDP can directly regulate p53 DNA binding activity in vitro and that treating cells to increase NAD ϩ or TDP with niacinamide or thiamine affects p53 activity in vivo. The in vitro results have important implications for understanding the mechanism of NAD ϩ action on p53 DNA binding. The L344A mutation prevents p53 from forming tetramers in solution, and the resultant single-dimer DNA binding activity was unaffected by NAD ϩ (Fig. 3C, 2ϫ ) because dimers cannot bind NAD ϩ (Fig. 3A) . However, the L344A mutation does not directly interfere with NAD ϩ regulation of p53 binding to the hdm2 DNA site, because the DNA binding activity of pairs of L344A dimers was affected by NAD ϩ (Fig. 3C, 2-2ϫ) . Rather, since pairs of dimers interact cooperatively when bound adjacently on a full DNA site (35) , the specificity of NAD ϩ for pairs of L344A dimers (Fig. 3C, 2-2X ) suggests that NAD ϩ interacts with a new binding surface created between the two dimers of a p53 tetramer (35, 40, 46) .
The data do not suggest that NAD ϩ dissociates tetramers into dimers, otherwise dimers would be seen to bind DNA in the in vitro band shift assay (Fig. 3C) . Rather, NAD ϩ may bind to the dimer-dimer interface in a p53 tetramer, induce a con- formational change, and alter the intrinsic DNA binding specificity. As p53 exists in the cell as tetramers, but not dimers (35) , NAD ϩ is able to modulate the relevant cellular form of p53.
It is interesting to consider why TDP and NAD ϩ differ in their effects on p53 DNA binding activity. One explanation is that TDP simply is a more potent inhibitor of p53 DNA binding activity than NAD ϩ , so that some DNA sites are inhibited by TDP but not NAD ϩ . Alternatively, the ADP-like portion of the molecules may decrease p53 DNA binding, and the NMN portion of NAD ϩ may further "fine-tune" the effect on p53 DNA binding activity by altering the conformation of p53. When the NMN portion in NADH is reduced, it induces a conformational shift that could prevent the ADP portion of NADH from inhibiting p53 DNA binding activity. When the NMN portion in NAD ϩ is oxidized, it may induce a conformational shift that differentially affects binding to different DNA target sequences in the presence of the attached ADP portion of the NAD ϩ . TDP, which lacks the NMN moiety of NAD ϩ and NADH, did not induce a significant conformational change in p53 and therefore did not fine-tune p53 DNA binding specificity.
Treating cells with niacinamide had effects on p53 DNA binding specificity in vivo similar to those of NAD ϩ in vitro, consistent with niacinamide increasing the rate of NAD ϩ synthesis and suggesting that NAD ϩ may directly affect intracellular p53 DNA binding specificity ( Fig. 5A and B) . Also supporting this interpretation is the observation that thiamine not only inhibits p53 DNA binding but also inhibits ionizing radiation induction of hdm2 to the same extent as niacinamide (Fig. 6C) . As p53 is the only known target of both TDP and NAD ϩ , it seems likely that niacinamide and thiamine inhibit intracellular p53 DNA binding to the hdm2 DNA site by direct effects of NAD ϩ and TDP on p53. How p53 DNA binding activity is controlled in cells is unknown, including whether p53 DNA binding is even at equilibrium in chromatin in vivo. Even moderate effects on p53 DNA binding in vitro could translate into substantial alteration of p53 activity in cells. As TDP and NAD ϩ delay, rather than prevent, activation of hdm2, these molecules likely cause a decreased occupancy of p53 on the hdm2 genomic DNA site, resulting in a decreased rate of transcriptional initiation from the hdm2 promoter.
Although niacinamide decreased hdm2 induction to enhance p53 protein following DNA damage, induction of p21 was not enhanced (Fig. 5 and 6 ). Presumably, p21 is already maximally induced, so increased p53 would not affect p21. This is supported by the ChIP data, where, even though p53 protein level is higher (Fig. 5D) , there is no increased binding to the p21 DNA site (Fig. 5B) . Neither NAD ϩ nor thiamine affects cell cycle progression or ionizing radiation-induced cell cycle arrest. As NAD ϩ does not affect p21 induction, it would not be expected to affect cell cycle arrest. It is important that the p53-induced p21-dependent cell cycle arrest affects only cells that have not yet passed the restriction point in G 1 and that it becomes pronounced in an asynchronous cell population only after ϳ18 h. Thus, although thiamine delays ionizing radiation induction of p21, this would affect cell cycle arrest in only a very small percentage of cells.
Another physiologic function of p53, which may or may not require p21 induction, is to prevent aneuploidy and rereplication (52) . Aneuploidy is augmented by thiamine and NAD ϩ , likely because both molecules inhibit a function of p53 that is required for preventing aneuploidy (Fig. 7A) . This function may be performed by a gene or set of genes that are normally activated by p53 in response to ionizing radiation but that are inhibited by NAD ϩ or TDP (such as the hdm2 or PIG3 gene). However, these molecules may act on p53 independently of effects on p53 transcriptional activity, because it is not known whether the mechanism whereby p53 maintains genomic ploidy requires transcription.
Yet another physiologic function of p53, apoptosis, is affected by niacinamide and thiamine. Since the mechanism of p53-induced apoptosis has not been elucidated, it is impossible to identify the precise mechanism by which niacinamide and thiamine modulate apoptosis. The net effect of changing the level of various apoptosis-related proteins is likely dictated by which p53 apoptotic pathways are able to affect the pro-versus antiapoptotic balance in any given cell type. Whether p53-induced apoptosis even requires transcriptional activation of target genes is debatable (4, 8, 10, 37, 48) . It is possible that niacinamide and thiamine could both inhibit one aspect of p53 proapoptotic activity but that niacinamide increases apoptosis by inhibition of Sir2␣, because thymocytes lacking Sir2␣ undergo enhanced ionizing-radiation-induced apoptosis (7). The relationship between Sir2␣, which uses NAD ϩ as a cofactor in deacetylating p53 and histones, NAD ϩ , and p53 will be interesting to pursue. It has been previously proposed that DNA damage induces a cell cycle arrest to allow time for DNA repair but that excessive damage that cannot be repaired may result in apoptosis. However, the cellular choice between DNA damage-induced cell cycle arrest and apoptosis appears to be mainly regulated by other aspects of the cellular state during the DNA damage response, including those that are regulated by growth factors (5, 55) . We suggest that one parameter relevant to ionizing radiation's effects on the p53 response is the rate of NAD ϩ synthesis, which may directly alter p53 DNA binding specificity and function.
Though thiamine is not reported to modulate DNA damage responses, p53 activates transcription of a murine thiamine transporter (31) . However, in addition to regulating p53, as reported here, niacinamide affects other proteins that are involved in cellular decisions of apoptosis and senescence, including PARP (19) and SIR2 (1, 33, 53) . Although PARP can deplete cellular NAD ϩ , this is limited to extremely high doses of ionizing radiation (50 to 120 Gy) and is not observed at the doses we used (2 to 6 Gy; Fig. 5A ). The relationship between PARP, NAD ϩ , and p53 will be very important to delineate, and it will require substantial investigation to sort out the intertwined effects of PARP using NAD ϩ as a substrate, NAD ϩ and/or PARP binding to p53, and PARP ADP-ribosylating p53 (using NAD ϩ !) and other proteins relevant to DNA damage detection and repair. Perhaps this type of role of NAD ϩ in cellular DNA damage responses provides a selective advantage for tumor cells which utilize anaerobic glycolysis even in the presence of oxygen, known as the Warburg effect (43) .
Whether TDP or NAD ϩ , or molecules based on them, can be used for therapeutic benefit remains to be determined. Niacinamide radiosensitizes tumors and prevents UV radiation-induced skin cancer in mice (14, 21, 22) . The data presented here suggest that small molecules that specifically affect p53 protein tetramers can be designed or identified, thus forming a novel basis for the development of molecules that affect p53 function in vivo. Such compounds could potentially either enhance apoptosis of tumor cells that retain p53 function or inhibit p53-dependent apoptosis of normal tissues to reduce toxicities of therapy. 
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